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The H.E.S.S. collaboration has reported a high-energy spherically symmetric diffuse γ-ray emission in the
inner 50 pc of the Milky Way, up to ∼ 50 TeV. Here we propose a leptonic model which provides an alternative
to the hadronic scenario presented by the H.E.S.S. collaboration, and connects the newly reported TeV emission
to the Fermi-LAT Galactic center GeV excess. Our model relies on a combination of inverse Compton emission
from a population of millisecond pulsars—which can account for the GeV excess—and a supermassive black
hole-induced spike of heavy (∼ 60 TeV) dark matter particles annihilating into electrons with a sub-thermal
cross-section. With an up-to-date interstellar radiation field, as well as a standard magnetic field and diffusion
set-up, our model accounts for the spectral morphology of the detected emission. Moreover, we show that the
dark matter induced emission reproduces the spatial morphology of the H.E.S.S. signal above ∼ 10 TeV, while
we obtain a slightly more extended component from pulsars at lower energies, which could be used as a prediction
for future H.E.S.S. observations.
PACS numbers: 95.85.Pw, 96.50.S-, 95.35.+d
I. INTRODUCTION
The H.E.S.S. collaboration has released the most detailed
high-energy γ-ray view to date of the inner 300 pc of the Galac-
tic center (GC) region, thanks to improved statistics accumu-
lated from 10 years of observation of the GC. In addition to the
previously observed Galactic ridge emission [1], a spherically
symmetric diffuse emission has been detected between ∼ 200
GeV and 50 TeV in the inner 50 pc [2]. Specifically, this emis-
sion has been extracted in an open ring centered on the GC,
with azimuthal size 294 deg, and inner and outer radii 0.15
and 0.45 deg, respectively, as shown in Fig. 1 of Ref. [2]. This
corresponds to a solid angle of ∆Ω= 1.4×10−4 sr. Here we
focus on this new feature, hereafter referred to as the H.E.S.S.
diffuse emission, which is distinct, both in spatial and spectral
morphologies, from the central source HESS J1745-290, which
has an angular size of 0.1 deg.
In the hadronic scenario described in Ref. [2], TeV γ-rays
originate from the decay of neutral pions produced by colli-
sions of protons accelerated by the central black hole (BH) Sgr
A* with ambient gas. In this work, we explore an alternative
leptonic interpretation which relates the H.E.S.S. diffuse emis-
sion detected in the inner 50 pc to the excess of GeV γ-rays
at the GC. The latter was reported in the data of the Fermi
Large Area Telescope (LAT) by several independent groups
[3–13], and may originate from millisecond pulsars (MSPs),
as pointed out in Refs. [7, 9, 14–19], and reinforced by several
more recent papers [20–22]. Here we show that such a pop-
ulation of MSPs may also contribute to the observed diffuse
emission. More specifically, electrons in the pulsar winds can
be accelerated to energies of a few tens of TeV and thus signif-
icantly contribute to the H.E.S.S. diffuse emission via inverse
Compton scattering off ambient radiation fields.
Our leptonic model of the diffuse emission evades the con-
straints discussed in Ref. [2]. In particular, the model must
account for the hardness of the observed spectrum, and the
propagation set-up must allow electrons to diffuse to suffi-
ciently large distances. The MSP component turns out to be in-
sufficient to account for the whole emission, and an additional
harder component is needed. This motivates us to consider a
multi-TeV DM candidate, which would actually produce γ-rays
in the energy range of interest. As discussed in the following,
the DM density profile must be strongly contracted in the very
inner region in order for the associated γ-ray flux from DM an-
nihilations to contribute significantly to the H.E.S.S. emission.
A supermassive BH-induced density spike [23] would provide
the required enhancement of the DM annihilation signal in
γ-rays.
Therefore, in this paper, we show that a combination of
MSPs that account for the GeV excess at the GC, and a SMBH-
induced spike of heavy DM can explain the H.E.S.S. diffuse
emission in the inner 50 pc.1 Section II provides a short de-
scription of the TeV γ-ray emission expected for pulsars and
1 In the region of the H.E.S.S. diffuse signal lies the massive molecular cloud
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2dark matter annihilations. In section III, we show our results
on the modeling of the H.E.S.S. diffuse emission. We conclude
in section IV.
II. MODELS OF THE TEV GAMMA-RAY EMISSION
A. Inverse Compton emission from MSPs
The rotation energy of MSPs has been shown to power a
high-energy e± wind [24]. The interaction of this pulsar wind
with the interstellar medium may create a shock which can
accelerate e± to very high energies [25–27]. Their maximum
energy Emax is limited by their ability to escape the shock
region, and by their synchrotron losses. This energy can be as
high as a few tens of TeV, potentially up to 100 TeV [26]. The
resulting e± injection spectrum follows a power law, with the
maximum energy accounted for by an exponential cut-off [26],
and is expressed as dNe/dEinj
∣∣
MSP ∝ E
−2
inj exp(−Einj/Emax).
These e± emit high-energy γ-rays by upscattering photons of
the interstellar radiation field (ISRF) via the inverse Compton
(IC) process. The resulting γ-ray spectrum can extend to very
high energies, up to the range of interest for H.E.S.S. obser-
vations. This led the authors of Refs. [26, 27] to claim that
IC emission from MSPs could be responsible for the H.E.S.S.
central source data, based on a spectral analysis. In principle,
e± also emit bremsstrahlung by interacting with nuclei of the
ambient gas, but this component is only relevant in the GeV
range and is negligible with respect to IC over the energy range
of interest here.
In our model, the spatial distribution of MSPs is fixed by
the Fermi-LAT GeV excess data. There is however uncertainty
on the fraction fe± of spin-down power released by pulsars
in the electron wind (which impacts the normalization of the
subsequent γ-ray flux) and the maximum electron energy. The
normalization of the e± injection spectrum (which can be ab-
sorbed in fe±) is worked out by fitting the spectrum of the
H.E.S.S. diffuse emission, and we check the consistency of the
result as discussed in the following.
The MSP-induced IC flux is obtained by integrating the
emissivity jMSP over the line of sight (l.o.s.) coordinate s and
the field of view (fov) ∆Ω [28]:
E2γ
dn
dEγ
∣∣∣∣IC
MSP
=
∫
∆Ω
E2γ
dn
dEγdΩ
∣∣∣∣IC
MSP
dΩ
=
Eγ
4pi
∫
∆Ω
∫
l.o.s.
jMSP(Eγ,~x)dsdΩ, (1)
with the emissivity given by the convolution of the MSP e±
spectrum after propagation ψMSP and the IC emission spectrum
Sgr C [2]. A γ-ray contamination to the diffuse signal, from a source located
in this cloud, cannot be excluded. Our model of the overall diffuse signal
in terms of a combination of MSPs and heavy DM should therefore be
interpreted as an upper limit.
PIC,G (see e.g. Ref. [29]; the G subscript refers to the standard
ISRF implemented in the GALPROP code 2):
jMSP(Eγ,~x) =
∫ Emax
Eγ
PIC,G(Eγ,Ee,~x)ψMSP(Ee,~x)dEe. (2)
The integral over solid angle in Eq. (1) is performed over the
fov of the H.E.S.S. diffuse emission, ∆Ω= 1.4×10−4 sr.
The e± spectrum from MSPs after propagation ψMSP, in
a steady state and accounting for energy losses and spatial
diffusion, reads (see e.g. Refs. [30, 31])
ψMSP(E,~x) ∝
1
bG(E,~x)
∫ Emax
E
I˜~x,MSP(E,Einj)
dNe
dEinj
∣∣∣∣
MSP
dEinj,
(3)
where bG(~x,E) is the sum of the synchrotron and IC loss rates,
corresponding to the GALPROP losses tabulated in Ref. [32].
Assuming a 10 µG magnetic field in the Galactic center region,
the synchrotron losses are comparable to IC losses for TeV
electrons.3
The halo function I˜~x,MSP accounts for spatial diffusion
of electrons injected according to the MSP profile, and is
computed exactly as in Refs. [28, 33]. The diffusion co-
efficient is parametrized as K(E) = K0 (E/E0)
δ, with K0 =
6.67×1026 cm2 s−1, E0 = 1 GeV, δ= 0.7, and a half height
of L = 4 kpc for the diffusion zone. The normalization K0 is
determined so that electrons of a few tens of TeV can diffuse on
a scale of order a few 10 pc with the prescription λD/tloss ≤ c—
where the characteristic loss time tloss = E/b(E) is computed
for consistency for the enhanced IC losses relevant for elec-
trons injected in a DM spike as discussed in the next section—,
in agreement with the requirement R2/6K ≥ R/c, with R the
size of the region (∼ 50 pc). Our diffusion parameters are con-
sistent with other parametrizations used in the literature (see
for instance Ref. [34]). Although the recent AMS02 data on
p¯/p [35] and B/C [36] ratios tend to favor a relatively milder
energy dependence of the diffusion coefficient in the Galactic
disk, it is premature to draw any firm conclusions. On scales
below 100 pc towards the central region of the Galaxy, the
diffusion coefficient is even more uncertain (see for instance
Ref. [37]). For the density that enters into the calculation of
I˜~x,MSP, we use a squared generalized Navarro-Frenk-White
(NFW) profile with slope ∼ 1.2, consistent with the spatial
morphology of the GeV excess, as found e.g. in Ref. [9].
Figure 1 shows the predicted γ-ray fluxes from the MSP
model for maximum energies Emax of 50 TeV (solid) and 100
TeV (dashed). The best-fit model corresponds to a fraction
fe± ≈ 0.1.4 Figure 1 shows that the MSP emission can account
for the H.E.S.S. diffuse emission up∼ 10 TeV via IC scattering
2 http://galprop.stanford.edu/
3 Our value of the magnetic field is compatible with the values used in the
GALPROP code in the inner 50 pc region.
4 A value of 0.1 for fe± is actually well motivated since it actually corresponds
to an electron wind power equal to the luminosity of the direct pulsar γ-ray
emission that can account for the GeV excess [27]. We also note that a
higher value of fe± would overshoot the low energy part of the H.E.S.S.
diffuse emission.
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FIG. 1. γ-ray spectrum of the H.E.S.S. diffuse emission in the inner 50
pc of the GC for a fov of ∆Ωd =1.4×10−4 sr. The IC γ-ray emission
from MSPs is depicted for an energy cut-off of 50 TeV (red solid line)
and 100 TeV (red dashed line), and corresponds to fe± ≈ 0.1.
of electrons off the ISRF. However, even for an energy cut-off
at 100 TeV, the MSP-induced IC emission fails to reproduce
the high energy part of the spectrum beyond ∼ 10 TeV. This is
due to synchroton emission taking over IC emission above ∼
10 TeV, inducing a softening in the γ-ray spectrum. Therefore,
an additional hard component is needed, and this provides the
motivation for considering a contribution from annihilating
DM.
B. Annihilation signal from DM
The DM component must satisfy several constraints. First,
the DM candidate must feature an annihilation cross section
smaller than ∼ 10−25 cm3 s−1 at TeV masses to avoid tensions
with recent observations [38]. Moreover, the DM density must
be high enough in the GC region to produce a sufficiently high
γ-ray flux. For these reasons, a regular NFW profile cannot
account for the observed emission.
Therefore, we need to assume that a supermassive BH-
induced spike—i.e. a strong enhancement of the density—is
present in the inner part of the DM density profile, following
the prescription of Ref. [23]. More specifically, a spike is
predicted to arise around a supermassive black hole (SMBH)
growing adiabatically at the center of a DM halo, and typically
corresponds to a density going as r−γsp , with γsp = 7/3, below
a parsec-scale radius Rsp. We normalize the DM profile follow-
ing Ref. [33]. The existence of a spike is actually debated, as
discussed e.g. in Refs. [39, 40]. In particular, stellar heating of
DM particles may lead to a smoother profile instead—possibly
down to a 1.5 slope—, and a spike may be destroyed by BH
mergers, although current simulations used to model mergers
do not have enough resolution to account for sub-parsec pro-
cesses which are of crucial importance for the formation of
spikes. Moreover, there is compelling evidence for a unique
major merger involving the Milky Way about 12 billion years
ago that led to the formation of the bulge [41], which would
not have affected the survival of a spike. Ultimately, dedicated
numerical simulations and observations are needed to settle
the question.
1. Prompt emission from DM annihilation
The prompt γ-ray flux for an annihilation channel f reads as
E2γ
dn f
dEγ
∣∣∣∣prompt
DM
=
E2γ
4pi
(
ρ
mDM
)2 〈σv〉 f
2
dNγ, f
dEγ
×
∫
∆Ωc
∫
l.o.s.
(
ρ(~x)
ρ
)2
dsdΩ, (4)
with ρ(~x) the DM density at position ~x, and ρ the DM
density in the solar neighborhood, which we take equal to
0.3 GeV cm−3 (see e.g. [42]). mDM is the DM mass, 〈σv〉 f the
annihilation cross-section into the channel f and dNγ, f /dEγ the
γ-ray spectrum from this final state, extracted from Ref. [29].
In practice, the DM profile is so steep that the integral depends
very weakly on the precise value of the fov ∆Ωc as pointed out
in Ref. [43], which we take equal to 10−5 sr, the size of the
central source HESS J1745-290.
2. Inverse Compton emission from DM annihilation
Prompt emission from a DM spike is the dominant source of
DM-induced γ-rays in the central parsec, but the corresponding
spatial extension is too small to account for the H.E.S.S. diffuse
emission detected up to 0.45 deg. However, in addition to
prompt emission, we expect a significant amount of γ-rays to
arise from IC emission from energetic e± produced in DM
annihilations. Since e± undergo spatial diffusion, the resulting
γ-ray emission can be significantly more spatially extended
than the initial DM profile.
Considering that with our DM spike model, e± are produced
by DM annihilations below parsec scales, we no longer use
the GALPROP ISRF in this case, but the one computed in
Ref. [44] referred hereafter to as the Kistler ISRF, and we
assume a smooth reconnection with the larger scale GALPROP
ISRF.5 The Kistler enhanced radiation field accounts for the
strong photon sources in the central parsec of the Galaxy, and
is about three orders of magnitude larger than the GALPROP
ISRF.
We also account for absorption of γ-rays from e+e− pair
production on ISRF photons, using the attenuation factor com-
puted in Ref. [44]. In our model, the attenuation of the γ-ray
emission from pair production on the ambient target photons is
increased as shown in Ref. [44]—given the higher density of
5 Therefore we consider an effective two-zone model in which the DM com-
ponent is sensitive to the inner enhanced ISRF, while the shallower MSP
distribution is sensitive to the larger scale GALPROP ISRF.
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FIG. 2. Left panel: γ-ray spectra from 100 GeV to 100 TeV for a fov of 1.4× 10−4 sr corresponding to the H.E.S.S. diffuse emission. IC
emission from MSPs is depicted as a dashed line. IC emission from a spike of radius 0.1 pc, for a 60 TeV DM candidate annihilating exclusively
to e+e− with a cross-section of 〈σv〉= 7×10−29 cm3 s−1 is shown as a dot-dashed line. The solid line represents the total spectrum. Right
panel: γ-ray spectra from 100 GeV to 100 TeV for a fov of 10−5 sr corresponding to the central source, HESS J1745-290. In addition to IC
emission from MSPs (dashed) and a DM spike of radius 0.1 pc (dot-dashed), the central region features the sharply peaked prompt emission
from the spike (dotted). The solid line is the total emission. The MSP and DM parameters are the same as for the left panel. The data points for
both panels are taken from Ref. [2].
the ISRF used here in the central pc—compared to the findings
of Ref. [45]. However, absorption is still essentially relevant
above 10 TeV, and leads to a reduction of the flux of 10% at
Eγ ∼ 10 TeV, up to 30% at 100 TeV.
The computation of the IC flux for channel f is similar to
the MSP case:
E2γ
dn f
dEγ
∣∣∣∣IC
DM
=
Eγ
4pi
∫
∆Ω
∫
l.o.s.
jDM, f (Eγ,~x)dsdΩ, (5)
where the IC emissivity reads
jDM, f (Eγ,~x) = 2
∫ mDM
Eγ
PIC,K(Eγ,Ee,~x)ψDM, f (Ee,~x)dEe, (6)
and the spectrum accounting for diffusion is given by
ψDM, f (E,~x) =
κ f
bK(E)
∫ Emax
E
I˜~x,DM(E,Einj)
dNe, f
dEinj
∣∣∣∣
DM
dEinj,
(7)
where κ f = 1/2〈σv〉 f (ρ/mDM)2, and bK is the sum of syn-
chrotron and IC losses in the central pc, where the K subscript
stands for the Kistler ISRF. We assume a B = 10 µG mag-
netic field in the inner Galactic region. The IC energy loss
rate bIC,K is computed following the procedure of Ref. [31],
which models the ISRF as a superposition of grey-body spectra.
Considering the freedom we have on the poorly constrained dif-
fusion set-up below ∼ 100 pc, to compute the DM spike halo
function I˜~x,DM we again use the above-mentioned diffusion
parameter set-up that avoids superluminic diffusion. The elec-
tron injection spectrum dNe, f /dEinj
∣∣
DM from DM annihilation
is taken from Ref. [29] and includes electroweak corrections,
relevant at high energies. I˜~x,DM is computed using the method
described in Ref. [33], which accounts for the steepness of the
source term in the cosmic-ray equation due to the DM spike.
III. EXPLAINING THE H.E.S.S. DIFFUSE EMISSION
A. Spectral morphology
Shown in Fig. 2 are the γ-ray spectra for the fov corre-
sponding to region of interest of the H.E.S.S. diffuse emission,
1.4× 10−4 sr (left panel, red) and the central source HESS
J1745-290, i.e. 10−5 sr (right panel, blue). The H.E.S.S. data
points are taken from Ref. [2]. The dashed and dot-dashed
lines represent our predictions of IC emission from MSPs and
a DM spike of radius 0.1 pc—corresponding roughly to the
size of the gravitational sphere of influence of the central BH—
, respectively. Prompt emission from the spike also contributes
to the flux in the central source region (right panel, dotted
line). We consider a DM candidate of mass mDM = 60 TeV,
annihilating to e+e− with a sub-thermal best-fit cross section
of 〈σv〉= 7×10−29 cm3 s−1.
We note that a rather weak annihilation cross-section is
required to match the diffuse energy spectrum measured by
H.E.S.S. Such a value can be easily accommodated through
thermal p-wave DM annihilations. The rather large DM parti-
cle mass is well below the constraint obtained from the unitarity
limit [46] which is well relaxed in case of p-wave annihila-
tions.6
6 The high mass range has not been extensively explored yet. Models like
minimal DM predict DM masses up to a few tens of TeV (see e.g. Ref. [47]),
but it is possible to go beyond the weak scale, up to very large masses, see
e.g. [48, 49]. However these models correspond so far to soft channels.
Still, over the past few years model building has been often motivated by
5The left panel of Fig. 2 shows that the H.E.S.S. diffuse
emission can be accounted for by the sum of the IC emission
from MSPs and a DM spike, with the lower part of the H.E.S.S.
spectrum associated with MSPs, and the high energy part above
∼ 10 TeV with DM. The reduced chi-squared is χ2/d.o.f. =
23/20 ≈ 1.2, showing the quality of the fit.7 As shown in
the right panel of Fig. 2, our model is compatible with the
observed emission from the central source HESS J1745-290,
in particular with the upper limits at the highest energies.
B. Spatial morphology
Shown in Fig. 3 are the IC intensities E2γ dn/(dEγdΩ) at
0.5 TeV (thin blue lines) and 23 TeV (thick black lines), as a
function of angle θ (or radius r) from the center, for the same
components (MSPs, dashed, and DM spike, dot-dashed) as in
Fig. 2.
Given the diffusion parameter set-up considered in our
model, energetic electrons from DM annihilations can travel
out to few 10 pc distance. Fig. 3 shows that for the DM spike,
which dominates above ∼ 10 TeV (see the spectrum in Fig. 2),
the IC intensity drops steeply around 0.3 deg at 23 TeV and
around 1 deg at 0.5 TeV. These specific scales correspond to
the diffusion lengths associated with the losses and diffusion
coefficient,8 and turn out to be very similar to the characteristic
size of the H.E.S.S. diffuse emission. For the MSP compo-
nent, dominant below ∼ 10 TeV, the spatial extension of the
IC emission is of order a few degrees, therefore larger than the
H.E.S.S. region.
The diffuse emission has been detected by H.E.S.S. by accu-
mulating statistics from a significant exposure time in this re-
gion. However, the emission might be even more extended, and
future H.E.S.S. observations at Galactic latitudes |b|> 1 deg
would greatly help to discriminate between the proposed sce-
narios. In particular, according to our predictions, H.E.S.S.
should observe an even more extended signal below ∼ 10 TeV,
due to the MSP component.
C. Discussion
First, we point out that we used a smaller magnetic field
strength—10 µG compared to 0.1 mG—and a slightly larger
diffusion coefficient at the highest energies than the authors of
Ref. [2], which accounts for the different conclusions regarding
the validity of a leptonic scenario.
The IC flux from the DM spike is sensitive to the losses and
diffusion coefficient in the central pc. On the one hand, a mag-
netic field larger than the 10 µG value we have considered—,
phenomenology, which actually has strong ties with leptonic channels in
the context of indirect searches. Our model is therefore phenomenological
and its theoretical counterpart is beyond the scope of the paper.
7 We have 22 data points and 2 free parameters, namely the normalization of
the MSP flux and the size of the spike, so 20 degrees of freedom (d.o.f.).
8 For injection at ∼ 60 TeV and propagation down to 23 TeV, the diffusion
length is ∼ 40 pc or equivalently ∼ 0.3 deg.
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FIG. 3. Intensity of IC emission from MSPs (dashed) and a 0.1 pc
DM spike (dot-dashed) as a function of angular distance from the GC,
at 0.5 TeV (thin blue) and 23 TeV (thick black). The data points at
these energies and their statistical error bars are depicted as shaded
rectangles.
for instance a 0.1 mG field [44, 50, 51] or a 1 mG field [52],
would lead to a significant increase in synchrotron losses, thus
significantly reducing the IC flux and spoiling the achieve-
ment of explaining the high-energy part of the H.E.S.S. diffuse
emission. With a 10 µG magnetic field, using a milder en-
ergy dependence of the diffusion coefficient would only imply
a higher normalization of the diffusion coefficient for elec-
trons of a few 10 TeV to diffuse out to the region of interest.
However, if the diffusion coefficient was in fact much smaller,
typically for Bohm diffusion [26], the spike-induced IC emis-
sion would be confined within the region corresponding to the
central source and there would be no leakage into the diffuse
emission region.
Regarding the DM profile, for values of the spike radius
Rsp larger than ∼ 0.1 pc, the associated IC flux significantly
overshoots both the diffuse and point source data, unless the
annihilation cross section is further reduced. Therefore, there
is a degeneracy between the cross-section and the spike ra-
dius, but this is beyond the scope of this paper. For com-
pleteness we computed the IC flux from a heated spike with
a 1.5 slope, but the result is roughly two orders of magnitude
smaller than the H.E.S.S. flux for the thermal cross section
of 3× 10−26 cm3 s−1, so the cross section would have to be
increased above observational limits to account for the diffuse
emission. Therefore, as mentioned in Sec. II B, a SMBH-
induced adiabatic spike is required for DM annihilations to
account for the high energy part of the H.E.S.S. diffuse emis-
sion.
We note that our conclusions depend strongly on the DM
annihilation channel, and require dominant annihilation into
e+e−. For softer channels like µ+µ−, τ+τ− or bb¯, the IC flux
is too small in the H.E.S.S. extended region of interest while
the associated emission in the central 0.1 deg overshoots the
6flux from the central source HESS J1745-290.
Finally, we also checked that the synchrotron flux from our
model does not overshoot the steady diffuse X-ray emission
recently detected with the NuSTAR satellite within a few pc
of Sgr A*, in the 20–40 keV band [53, 54]. For a 10 µG
magnetic field, the synchrotron flux is actually several orders
of magnitude below the measured value.
IV. CONCLUSION
In this study, we have proposed a phenomenological leptonic
model of the new diffuse TeV emission observed at the GC
with H.E.S.S. that provides a connection between the GeV and
TeV scales. More specifically, we have shown that the sum of
IC emission from e± produced by the same population of MSPs
that can explain the Fermi GeV excess, and by annihilations of
heavy (∼ 60 TeV) DM particles in a SMBH-induced density
spike, can account for the H.E.S.S. diffuse emission. Our
model reproduces very well the spectrum of the emission, with
MSPs accounting for observations below ∼ 10 TeV and DM
accounting for the higher energy part of the spectrum. We
have also discussed the associated spatial morphology. We find
that for sensible parameters the DM-induced emission has the
same extension as the observed signal, while the size of the
MSP component is larger, reaching up to a few degrees. This
can be used to test this scenario, depending on whether the
current extension is the actual size of the emission region, or if
more photon statistics at higher galactic latitudes will uncover
a more extended signal.
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